Abstract-Energy efficiency is a primary design goal of modern wireless communication systems, especially those deployed in portable devices such as mobile phones. This paper presents a novel concept, which allows energy-efficient systems to exploit the changing nature of their environment in order to save power. This concept is employed to design an advanced MIMO decoder, which continuously monitors the signal-to-noise ratio (SNR) and re-configures its hardware in order to minimize its energy consumption. The design is implemented in 65nm technology in order to evaluate its performance and costs. The results show that the proposed adaptive architecture can achieve up to 50% of energy consumption savings compared to existing designs at the cost of an increased area overhead.
INTRODUCTION
The need for high energy-efficient VLSI design is growing rapidly. This trend is driven by the proliferation of mobile computing devices, the ever-growing demand for more computational power and the limitation of battery capacity. Additionally, the fast expansion of the Internet and the growing demand for high-speed multimedia wireless services resulted in a demand for flexible and bandwidth efficient transceivers.
Multiple-Input Multiple-Output (MIMO) systems have the potential to increase the link capacity [1] and hence there has been a lot of research efforts on MIMO techniques in the last decade. Recently, MIMO has become part of nearly all new communications standards including the Third Generation Partnership Project (3GPP) Long Term Evolution (LTE) and IEEE 802.16m [2] , which are widely, adopted in mobile phones and battery-powered portable electronics devices. MIMO decoders can be classified as linear and non-linear decoders, where linear decoders such as zero forcing (ZF) and the minimum mean square error (MMSE) decoders offer the lowest complexity for MIMO decoding and hence they are useful in low-latency applications [3] . However, linear decoders tend to have a degraded performance compared to the maximum likelihood (ML) decoders, where linear decoders suffer from a reduced bit error rate (BER) performance [4] . On the other hand, non-linear decoders provide a better BER performance than the linear detectors but at the expense of a higher complexity [5] . Sphere detection (SD) techniques [6] are non-linear decoding techniques, which significantly reduce the complexity of the ML decoders, while providing a near-ML performance [7] . Therefore, the sphere decoder has been the most preferred alternative to the ML decoder for hardware implementation [8] . The K-best SD has several advantages including having a fixed detection complexity and a flexible hardware implementation.
MIMO transceivers are usually implemented in a fixed hardware configuration despite typically operating under highly varying channel conditions [9, 10, 11] . In recent years various adaptive modulation and coding assisted arrangements have been proposed [13, 14, 15] . The fundamental goal of adaptation is to ensure that the most efficient mode is used in the face of the changing channel conditions based on appropriate activation criteria. This paper exploits the changing nature of the wireless channel in order to develop power efficient adaptive MIMO architecture. The contributions of this work are as follows:
1) The development of a novel architecture for MIMO decoders, which continuously monitors the conditions of the fading channel and re-configures its implementation in order to minimize the energy consumed, while maintaining a required quality of service.
2) The implementation of two advanced MIMO receivers based on K-best SD algorithm using 65nm technology. The first hardware implementation can re-configure its word length depending on the channel conditions, while the second implementation adapts between high and low complexity design in order to save power while maintaining performance.
3) The analysis of energy efficiency and area costs of the proposed design compared to existing solutions. Our results show the proposed adaptive approach is able to save up to 50% of the energy consumption compared to a conventional fixed implementation. This improvement in energy comes at the cost of an increased area overhead.
The organization of the paper is as follows. Section II outlines the main principles of MIMO decoding with a special emphasis on the K-best SD algorithm. Section III explains the architecture of the proposed adaptive system and evaluates its performance. Section V illustrates energy savings and outlines implementation costs and savings. Finally, conclusions are drawn in Section V.
II. PRINCIPLES OF MIMO DECODING
The well-known ML solution is given by:
Where M is the number of modulated symbol points in the constellation and Nt is the number of transmit antennas employed by the system, Y represents the received symbol vector and H represents the channel matrix. The ML detector has an exponentially increasing computational complexity with the increase in the number of antennas, which makes it impractical for hardware implementation. www.conference.thesai.org
The sphere decoding (SD) algorithm has been developed in order to provide a near-ML performance with substantial reductions in the complexity [1] . The general concept of the sphere decoder is to apply a radius constraint r2 to the ML search and to consider only those points that fall within the "sphere". The sphere is centered on the received signal Y. Mathematically, the solutions that are retained are those Euclidean distances d(s) that satisfy the following relation: (2) All types of conventional SDs carry out a tree search based on the accumulated Partial Euclidean Distance (PED) evaluation. The search for a solution by the SD is analogous to constructing a full M-ary tree with N t levels. All the nodes in the search tree at a lower level emerging from a node at a higher level are known as its children, while nodes on the same level are referred to as siblings. The nodes at the lowest level in the tree represent the total number of solutions in a full ML search. The sphere decoder traverses the tree using a depth-first search (DFS) where one node is examined per level before descending to the lower levels. The decoder can also traverse the tree in a breadth-first or best-first manner.
The sequential nature of the SD tree search ensures that the Euclidean distance as given in 2 cannot be calculated in full; instead, it must be calculated incrementally as the decoder progresses deeper into the tree. The Euclidean distance up to any level in the tree is thus known as the PED. The PED stage is the core of the sphere decoder as it determines the paths that are to be retained or discarded in the tree-search.
K-best sphere decoder (KSD) is a popular SD implementation, which extends a fixed number of nodes, K, from each level in the search tree. The fixed number of extended nodes allows the KSD to have a highly pipelined architecture, such that the output of a previous stage serves as input to the subsequent stage with memory elements included between stages for storing intermediate results. In order to get the "best" K nodes at a level, the KSD computes the PED of all the children for each of the K parent nodes that were carried over from the previous level. The K-best nodes are selected by choosing the first K nodes after the nodes are sorted in ascending order with respect to their PEDs.
III. ARCHITECTURE OF ADAPTIVE MIMO DECODER
A 2x2 MIMO system combined with 16-QAM modulation has been considered. Two VLSI implementations of the adaptive architecture have been developed. The operation principles of each design are explained below: Figure 1 illustrates the architecture of the proposed system, where Y represents the received signal, H denotes the channel matrix, S is the received signal power, N corresponds to the noise power and X is the decoded signal. It is worth noting here that both S and N are readily available in every communication receiver, as they need to be evaluated for the sake of demodulation.
A. Varying Wordlength MIMO Decoder
This design is based on the K-best sphere decoder algorithm; it can adapt the word length of the received signal Y and the channel coefficients H based on channel conditions. The architecture has three different configurations as shown in Table 1 . The operation principles of this system are as follows. The controller block evaluates the SNR for every received frame. The SNR is used to generate the control signal (CTR), which selects the appropriate configuration of the MIMO decoder, shown in Table 1 , such that the energy consumption of the decoder is minimized, while maintaining the quality of service. The control signal is also used to control power gating logic, which shuts down the parts of the system, which are not being used. The received signal Y and the channel coefficients H have a word length of 16 bits and 14 bits, respectively. Once an appropriate MIMO decoder is selected these inputs are truncated accordingly. In order to estimate the BER performance of the proposed adaptive architecture, it has been simulated and compared to designs with fixed configurations. The results are shown in figure 2. Case 1, 2 and 3 correspond to MIMO decoder's configurations shown in Table 1 .
The performance goal of the system is to maintain a quality of service (QoS) of BER=10 -3 , while reducing the required power consumption for the operation of the adaptive decoder. Therefore, when the SNR is lower than 28 dB, the adaptive system uses configuration 1 of Table 1 , since it has the lowest power consumption. Note that in this SNR range, none of the three cases would allow the decoder to maintain the required QoS and hence we opted to use the lowest power case. In other words, at SNRs lower than 28 dB any configuration used will not result in the required BER and hence it is best to opt for a decoder having the least power consumption, which is configuration 1 in our system. www.conference.thesai.org When 28 SNR 34, the decoder switches to configuration 3, which is the only case that maintains the required QoS in this SNR range. The required power consumption is the highest for configuration 3. Finally, when SNR> 34dB, the decoder uses configuration 2 to maintain the required QoS, at a reduced energy cost compared to that of configuration 3.
B. Varying -Complexity MIMO Decoder
A second realisation of the concept of adaptive MIMO decoders is shown in Figure 3 . In this case, the system has two configurations, the first has high complexity and it implements the K-best sphere decoder, while the second has lower complexity and employs the ZF decoder. Table 2 shows shows the configurations for the two decoders.
As shown in Figure 3 , the controller block monitor the SNR and then selects the appropriate configuration in order to minimise energy consumption, while maintaining the required QoS.
For this adaptive decoder, the performance goal is set to maintain a QoS of BER =10 -3. The system has been simulated and compared to designs with fixed configurations. The results are shown in figure 4. The adaptive system's BER performance follows the ZF BER curve at SNRs lower than 26 dB, where the BER performance is higher than the target BER of 10
The ZF is used in this case, since it has a lower complexity requirement than the SD. When the SNR is in the range of 26 dB to 36 dB, the adaptive system switches to the K-Best SD that is capable of attaining the require QoS, while having a higher implementation complexity. Then, when the SNR is higher than 36 dB, the adaptive system uses the ZF decoder that has a lower complexity and attains the required QoS.
IV. EVALUATION OF ENERGY EFFICIENCY AND AREA COSTS
Both architectures presented in section III have been realized in System Verilog and implemented using ST 65nm technology at a clock frequency of 100 MHz using Synopsys Design Compiler. In addition a 16 bit K-best MIMO decoder with fixed configuration has been implemented for comparison purpose.
The designs have been tested for various the power consumption has been measured shown in figure 5 . It can be seen from Fi proposed systems can re-configure in order varying nature of the wireless channel. implementation can lead to power saving to 50% savings compared to non-adaptive system Figure 5 also show that variable wor implementation achieves better power savin complexity scheme. However, this is achieve increased area overheads as summarized in T Table 3 shows the area cost of the various pres 
